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Abstract
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Glutaminyl cyclase (QC) catalyzes the cyclization of N-terminal glutamine residues into
pyroglutamate. This post-translational modification extends the half-life of peptides and, in some
cases, is essential in binding to their cognate receptor. Due to its potential role in the posttranslational modification of tick neuropeptides, we report the molecular, biochemical and
physiological characterization of salivary gland QC during the prolonged blood-feeding of the
black-legged tick (Ixodes scapularis) and the gulf-coast tick (Amblyomma maculatum). QC
sequences from I. scapularis and A. maculatum showed a high degree of amino acid identity to
each other and other arthropods and residues critical for zinc-binding/catalysis (D159, E202, and
H330) or intermediate stabilization (E201, W207, D248, D305, F325, and W329) are conserved.
Analysis of QC transcriptional gene expression kinetics depicts an upregulation during the bloodmeal of adult female ticks prior to fast feeding phases in both I. scapularis and A. maculatum
suggesting a functional link with blood meal uptake. QC enzymatic activity was detected in saliva
and extracts of tick salivary glands and midguts. Recombinant QC was shown to be catalytically
active. Furthermore, knockdown of QC-transcript by RNA interference resulted in lower
enzymatic activity, and small, unviable egg masses in both studied tick species as well as lower
engorged tick weights for I. scapularis. These results suggest that the post-translational
modification of neurotransmitters and other bioactive peptides by QC is critical to oviposition and
potentially other physiological processes. Moreover, these data suggest that tick-specific QCmodified neurotransmitters/hormones or other relevant parts of this system could potentially be
used as novel physiological targets for tick control.
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1. Introduction
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Ticks are obligate blood feeders and are second only to mosquitoes in their importance as
disease vectors. They are able to transmit a wide variety of pathogens, including spirochetes,
rickettsia, protozoa, nematodes, and viruses (Bratton and Corey, 2005; Sonenshine, 1991;
Sonenshine and Mather, 1994; Swanson et al., 2006; Vorou et al., 2007). The black-legged
tick (Ixodes scapularis) is important because of its role as a vector of human disease-causing
agents. I. scapularis can harbor multiple pathogens including B. burgdorferi (Burgdorfer et
al., 1982), Anaplasma phagocytophilum (Telford et al., 1996), Babesia microti (Rodgers and
Mather, 2007) and an encephalitis-like virus (Telford et al., 1997). The Gulf-Coast tick
(Amblyomma maculatum) is known to transmit Rickettsia parkeri, which can cause a mild,
febrile illness similar to Rocky Mountain spotted fever (Paddock et al., 2008; Paddock et al.,
2004). Salivary glands are critical to the feeding process, and secrete numerous bioactive
compounds including anticoagulants, anti-inflammatory proteins, and immunosuppressive
peptides, all of which modulate tick-host interactions (Bowman et al., 1997; Sauer et al.,
1995). Due to their significance in zoonotic disease transmission, the transcriptome of
several tick species has been characterized by pyrosequencing expressed sequence tags
(Francischetti et al., 2008; Francischetti et al., 2005; Gibson et al., 2013; Lees et al., 2010;
Ribeiro et al., 2011). In our own laboratory, we have recently completed a massive EST
sequencing project to define the sialotranscriptome of A. maculatum (Karim, 2011).

NIH-PA Author Manuscript

During the course of this EST sequencing project (Karim, 2011), we identified a gene with
significant sequence homology to glutaminyl cyclase (QC; EC 2.3.2.5), which catalyzes the
formation of pyroglutamate from N-terminal glutamine residues (Fig. 1). Although Nterminal glutamine residues can spontaneously cyclize, the reaction rate is three orders of
magnitude lower than the enzymatically catalyzed reaction (Seifert et al., 2009). QC is a
catalytically promiscuous enzyme; acting upon any N-terminal glutamine residue, with a
slight preference towards substrates which contain a bulky hydrophobic residue in the
penultimate position. Originally identified from crude extracts of papaya latex, QC activity
was later identified in extracts of pituitary glands, where it is involved in processing
numerous neuropeptides, hormones, and cytokines during their maturation along the
secretory pathway (Busby et al., 1987). Many of these regulatory peptides require an Nterminal pGlu to bind to their cognate receptor and/or to protect the N-terminus from
aminopeptidase degradation (i.e. thyroid hormone-releasing hormone (TRH), gonadotropinreleasing hormone (GnRH), monocyte chemoattractant proteins (MCPs), etc.) (Busby et al.,
1987; Cynis et al., 2011; Fischer and Spiess, 1987; Hinke et al., 2000; Messer, 1963; Pohl et
al., 1991; Van Coillie et al., 1998). QC is known to be involved in several
pathophysiological processes in humans such as Alzheimer’s disease, osteoporosis,
rheumatoid arthritis, and melanoma (Gillis, 2006; Jawhar et al., 2011; Schilling et al., 2008a;
Schilling et al., 2008c).
At least three tick neuropeptides have been identified which contain an N-terminal
pyroglutamyl residue, which suggests that QC is critical for tick neuropeptide processing
(Bissinger et al., 2011; Donohue et al., 2010; Neupert et al., 2005; Neupert et al., 2009;
Simo et al., 2009a; Simo et al., 2009b). Through identifying essential physiological
processes and tick molecular targets, it may be possible to interfere with these targets and
prevent the spread of tick-borne diseases. In this study, we describe the functional role of
QC in ticks through bioinformatics analysis, recombinant QC protein expression,
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immunoblotting, immunofluorescence microscopy and enzymatic studies. Furthermore, we
demonstrate through RNA interference that QC is critically important for oviposition and
embryogenesis, likely resulting from improper neuropeptide processing of QC knockdowns.
This is the first study to describe the functional role of QC in blood-feeding arthropods.

2. Methods
2.1. Ticks and animals

A. maculatum and I. scapularis ticks were reared at the University of Southern Mississippi
according to established methods (Patrick and Hair, 1975). Unfed ticks were maintained at
room temperature and 90% relative humidity under 14/10-hour light/dark photoperiod
before infestation. I. scapularis ticks were fed on rabbit ears and either allowed to feed to
repletion or removed after 3-5 days depending on the experimental protocol. A. maculatum
ticks were fed on sheep and either allowed to feed to repletion or removed after 5-8 days
depending on the experimental protocol. Adult ticks were fed on rabbit or sheep specifically
for this study and all studies with animals were performed in accordance with protocols
#10042001 and #08110401 approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Southern Mississippi.
2.2. Bioinformatics Tools
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The full length A. maculatum QC sequence was obtained from pyrosequencing an A.
maculatum salivary gland cDNA library (Karim, 2011). QC homologs of AmQC and IsQC
were identified by BLASTP analysis of the non-redundant protein databank (Altschul et al.,
1990). Selected QC sequences were aligned and graphically presented using Jalview 2.7 to
highlight conserved residues and identify signal peptides, etc. (Larkin et al., 2007;
Waterhouse et al., 2009). Protein secretion signals were identified using SignalP 4.0
(Bendtsen et al., 2004). The evolutionary history was inferred using the Maximum
Parsimony method (Larkin et al., 2007; Tamura et al., 2011).
2.3. Tick dissection and saliva collection
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Tick tissues were dissected in ice-cold 100 mM MOPS buffer, pH 6.8 containing 20 mM
EGTA. After removal, salivary glands and midguts were washed gently in the same ice-cold
buffer. The dissected tissues were used immediately after dissection or stored at −70°C in
0.5M piperazine N,N’-bis-2-ethane sulfonic acid, pH 6.8, containing 20 mM EGTA,
protease inhibitor cocktail (Roche, Indianapolis, IN, USA) and 40% glycerol. The dissected
tissues were stored immediately after dissection in RNAlater (Ambion, Austin TX) prior to
isolating total RNA. All other manipulations were carried out at 4°C. Tick saliva was
collected as described previously (Ribeiro et al., 1992). Dopamine and theophylline (1mM
each) in 20 mM MOPS buffered saline with 3% DMSO, pH 7.0 were injected as a stimulant
for salivation (Needham and Sauer, 1979). The collected saliva was used immediately after
collection or stored at −80°C.
2.4. RNA preparation and cDNA synthesis
Total RNA was isolated from midguts and salivary glands dissected from unfed and
partially-fed adult female ticks using an illustra RNAspin Mini RNA isolation kit (GE
Healthcare). The concentration of total RNA was determined spectrophotometrically and
samples were aliquoted and stored at −80°C. Total RNA was reverse-transcribed using
MMLV reverse transcriptase according to the manufacturers’ instructions (Invitrogen).
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Quantitative real-time PCR (QRT-PCR) was performed on a Bio-Rad C1000 Thermocycler
fitted with the CFX96 Realtime System for fluorescence detection. SYBR Green PCR Mix
was obtained from Fermentas (Burlington) and the manufacturer’s instructions were
followed. A standard curve (100 to 107 copies per reaction) was generated using each
candidate gene PCR product as template. A 120bp QC amplicon was amplified from I.
scapularis cDNA using IsQC-F(qrtpcr) (5′-AGGTCAGGGAGTTCATTGTGAGGT-3′) and
IsQC-R(qrtpcr) (5′-TGAAGGGTTCCTTCCTTGTGGAGCA-3′). A 115bp QC amplicon
was amplified from A. maculatum cDNA using AmQC-F(qrtpcr) (5′TGGCATCAGTGCTCAATGACAAGC-3′) and AmQC-R(qrtpcr) (5′TCACTCGAGCTCCACCGTACAAAT-3′). Reactions (25 μl) containing 500 ng of
salivary gland or midgut cDNA were run under the following PCR protocol: 50°C for 3
minutes, 95°C for 10 minutes, followed by 35 cycles of 95°C for 15 seconds, 60°C for 30
seconds, 72°C for 30 seconds. The fluorescence was read after the final extension step.
Samples were run in triplicate with no-RT and no-template controls. The copy number of
candidate gene mRNA in each sample was determined using the Bio-Rad data analysis
software based upon the standard curve (Browning et al., 2012).
2.6. Protein expression analysis and western blotting
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Oligonucleotides AmQCpe2-F (5′- GTCACCTGGCACGAACTGAAG-3′) and AmQCpeR (5′-TCAGAGCCTCAGGTACTCTGTAAGA-3′) were used for amplification of the
mature A. maculatum QC cDNA. Oligonucleotides IsQCpe2-F (5′CTCAGCTGGCATGATCTGAAGTGG-3′) and IsQCpe-R (5′TCATAGCTGCAGGTACTCCGACA-3′) were used for amplification of the mature I.
scapularis QC cDNA. Primers for AmQC and IsQC were designed based on GenBank
accessions JO841091 and XM_002415508, respectively. Both primer sets generated a 996
bp fragment. All amplifications were performed using a PCR program of 94°C for 1 min, 28
cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min, followed by 72°C for 7 min. PCR
products were analyzed on a 2% agarose gel stained with ethidium bromide, cloned into the
pET32b vector, and transformed into chemically competent E. coli BL21(DE3) (EMD
Biochemicals). The pET32b vector contains an N-terminal 6xHis tag and a thioredoxin
domain to facilitate purification and improve solubility. Plasmid DNA from positive clones
was submitted to Eurofins MWG Operon for sequencing using the T7 promoter primer, to
ensure a single insert was cloned in the correct orientation and reading frame. A 5mL
overnight culture was used to inoculate 0.5L of LB containing 100 μg/mL amplicillin,
grown to mid-log phase, and induced with 0.4mM IPTG, and further expressed for 20 hours
at 12°C. The cells were clarified and the recombinant protein was partially purified using
Profinity IMAC Nickel charged resin (Bio-Rad). To confirm that the recombinant QC was
expressed, a band was manually excised from an SDS-PAGE gel migrating at the expected
molecular weight and was subjected to trypsin digestion and LC-MS/MS.
2.7. Glutaminyl Cyclase enzyme assay
QC activity was determined using a previously established method (Schilling et al., 2002).
Briefly, the assay is a continuous fluorometric assay containing 250 mM KCl, 50 mM TrisHCl (pH 8.0), 1 mM Gln-βNA, 0.25 U of pyroglutamyl aminopeptidase (PGAP) (Qiagen),
and an appropriate amount of QC in a final volume of 250 μL. Reactions were initiated by
the addition of QC and fluorescence was measured at 410 nm for 10 minutes at 30°C.
Fluorescence was monitored using a SpectraMax M3 multimodal plate reader (Molecular
Devices). QC enzymatic assays of saliva were performed only with A. maculatum, since
sufficient saliva could not be collected from I. scapularis for enzymatic assays. Soluble
protein extracts from tick salivary glands and midguts were prepared by adding 100 μL of
Extraction Buffer (1X PBS, Protease Inhibitor Cocktail) per 10 midguts or 20 salivary
Insect Biochem Mol Biol. Author manuscript; available in PMC 2014 September 01.
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glands. Whole tissue was disintegrated with 3-5 pulses of a sonicator and the insoluble
material was separated by centrifugation at 16,000xg for 5 min. The supernatant was
removed and used immediately or stored at −80°C for later use.
2.8. Synthesis of dsRNA and microinjection of dsRNA into female adult ticks
QC PCR amplicons from recombinant gene expression (Section 2.6) were joined to the T7
promoter linker using the Block-iT T7 TOPO kit (Invitrogen). The TOPO linking reaction
was used as a template for a PCR reaction containing the T7 PCR primer and a gene-specific
primer to produce sense and antisense linear DNA template. A transcription reaction was
assembled using the BLOCK-iT RNA TOPO transcription kit. The sense and antisense
ssRNA was purified, annealed, and verified in size by agarose gel electrophoresis. To
investigate the role of QC in tick feeding success in vivo, 50 unfed adult female ticks were
injected with 1000ng QC-dsRNA into the hemocoel using a Hamilton syringe fitted with a
33-gauge needle (Karim et al., 2004). Control ticks were injected with 1000ng GFP-dsRNA.
After injection of dsRNA, ticks were kept at 37°C overnight under high humidity to confirm
tick survival. A. maculatum ticks were infested on sheep, whereas I. scapularis ticks were
infested on rabbit ears (Karim and Adamson, 2012).
2.9. RNA interference phenotype
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Ticks injected with dsRNA were allowed to partially feed (8 days), and were then removed
and weighed on an analytical balance. Some of the ticks injected with dsRNA were allowed
to feed to repletion and the oviposition and hatching was monitored.
2.10. Mass Spectroscopy of Samples
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Saliva was collected from adult female A. maculatum ticks injected with QC-dsRNA or an
irrelevant gene (GFP-dsRNA), separated via a 4-20% SDS-PAGE, and stained with
Coomassie Blue. Selected spots were manually excised from the gels and washed with 100
mM ammonium bicarbonate buffer (pH 8.5) and 100% acetonitrile (ACN) mix (v/v, 1:1)
until the color disappeared. The gel spots were washed with HPLC grade water followed by
100% ACN were dried in a speedvac as previously described (Chao et al., 2004). Disulfide
bond reduction was performed by adding 2 mM DTT at 60°C for 30 minutes followed by 3
molar ratio of iodoacetamide in the dark at room temperature. The reduced, alkylated
proteins were digested with trypsin (0.5 mg/ml, Promega) using a 50:1 ratio (protein:trypsin)
overnight at 37°C. The peptides were dried in a Speedvac and resuspended in water with
0.1% formic acid to a final concentration of 1 mg/ml. The digested samples were analyzed
on a LTQ Vello ion-trap mass spectrometer using a method previously described (Chao et
al., 2004). Protein identification was performed using the Sequest algorithm (Eng et al.,
2008) in the Protein Discover 1.1 software package (Thermo Electron) and a tick database
containing 3500 tick-specific polypeptides (Francischetti et al., 2009; Karim, 2011). The
identified peptides were further evaluated using the charge state versus cross-correlation
number (Xcorr). The criteria for positive identification of peptides were Xcorr>1.5 for
singly charged ions, Xcorr>2.0 for doubly charged ions, and Xcorr> 2.5 for triply charged
ions. Only the best peptides were considered and nonspecific matches (i.e., false positive
matches) were eliminated by cross-referencing rabbit and sheep databases (to eliminate any
host proteins) and a reversed protein sequence database generated from the A. maculatum
sialome sequence to lower the false positive rate.
2.12. Statistics
All data are expressed as means ± SEM. Statistical significance was determined by the
Student’s t test; differences in multiple comparisons among different experimental groups
were determined by analysis of variance using the Tukey test.
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3. Results
3.1. Multiple sequence alignment and phylogenetic relationships
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During the course of a massive EST sequencing project identifying transcripts in A.
maculatum salivary glands (Karim, 2011), we identified an open reading frame with
significant amino acid homology to Glutaminyl Cyclase (QC). QC was also found to be
present in the I. scapularis genome sequencing project (GenBank ID: EEC19218.1) (Hill and
Wikel, 2005). Therefore, tick QC amino acid sequences were aligned with QC sequences
from several other species (Fig. 2). QC belongs to a family of related proteins that fall
within the zinc peptidase-like superfamily of conserved domains (Marchler-Bauer et al.,
2011). Alignment of selected QC members shows a high degree of sequence identity
(40-48%) and similarity (62-77%) and the most conserved regions flank catalyticallyinvolved residues (Fig. 2). Tick QC sequences also possess a predicted signal peptide that
supports the secretory nature of this protein. QC is found in all eukaryotic organisms
examined for which genomic data is available, underscoring its universal role in catalyzing
the formation of N-terminal pGlu (pyroglutamate) in peptides and proteins (Fig. 1).
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AmQC has 64% amino acid identity to IsQC and the tick QC sequences have ~40-48%
amino acid identity to genes from Homo sapiens, Aedes aegypti, Culex quinquefasciatus,
and Drosophila melanogaster. Previous work characterizing the active site of human QC
shows that zinc is tetrahedrally coordinated with a water molecule, and residues D159, E202
and H330 (Fig. 2; red highlighted residues) (Huang et al., 2005). The intermediate is
presumably stabilized by additional amino acids found in the active site pocket residues
E201, W207, D248, D305, F325 and W329 (Fig. 2; green highlighted residues) (Huang et
al., 2005). These residues are conserved in all known animal QC sequences, and are
similarly conserved in ticks.
Phylogenetic analysis of the QC family shows the general expected pattern that recapitulates
the species phylogeny for eukaryotic organisms, indicating that it behaves like an
orthologous family. In most cases (especially in metazoans) a single gene is found per
organism and this only deviates for Drosophila. The tick genes group within the arthropods
as expected and were most closely related to two other blood-sucking arthropods, C.
quinquefasciatus and A. aegypti (Fig. 3), further confirming their identity as QC orthologs.
As has been shown before, animal QC sequences are related closer to zinc-dependent
bacterial aminopeptidases (Fig. 3; Streptomyces griseus-AP and Vibrio proteolyticus-AP),
than to plant or bacterial QCs, which are thought to have arisen independently through
convergent evolution (Booth et al., 2004; Schilling et al., 2008b).
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3.2. Transcriptional expression of QC in tick tissues
Tick salivary gland transcripts which are important for blood feeding are correspondingly
upregulated during the bloodmeal. In both I. scapularis and A. maculatum salivary glands,
QC transcriptional activity rapidly increases during the onset of feeding, peaking at
approximately 48 hours, presumably during the slow-feeding phase (Fig. 4A-B). QC
salivary gland transcripts then decrease over remaining feeding period. Since N-terminal
protection prolongs the half-life of proteins, it is highly likely that part of the role of QC
may be in protection of some salivary proteins/neuropeptides from endopeptidases present at
the feeding site. In midguts, there is a marked difference in transcriptional profile between
the two studied tick species. In A. maculatum, the relative copy number in midguts increases
throughout the bloodmeal, peaking at ~18 higher relative copy numbers at 120 Hr into
feeding compared to the unfed (0 Hr) stage (Fig. 4A). However, the relatively copy number
in I. scapularis midguts, is highest during the unfed stage (Fig. 4B), and transcriptional
activity attenuates throughout the remainder of the bloodmeal. Based on the relative copy
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numbers, it appears that that the amount of QC transcriptional activity within A. maculatum
is considerably more dynamic than in I. scapularis. Taken together, the transcriptional
activity of QC could be related to the structure/function/metabolism of tick neuropeptides
which contain an N-terminal pyroglutamyl residue.
3.3. Recombinant protein expression
Several attempts to express tick QC in a bacterial expression system which fused the mature
protein sequence to an N-terminal 6xHis tag failed to yield any soluble protein, and recent
work has shown that QC solubility is apparently enhanced by glycosylation in vivo, (RuizCarrillo et al., 2011). Therefore, we cloned the mature protein sequence for AmQC and
IsQC into the pET32b vector, which fuses the protein to a 20.9 KDa thioredoxin solubility
tag. This approach was previously used to successfully express human glutaminyl cyclase
for crystallographic studies (Huang et al., 2005). This recombinant expression yielded ~50
μg of partially purified QC per liter of culture media. Gel bands corresponding to the
predicted molecular weight of the recombinant AmQC were digested with trypsin and
peptide identification with mass spectroscopy generated 3 unique peptides representing 16%
sequence coverage (Fig. 5).
3.4. Enzyme activity
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Although no immunoreactivity could be observed in saliva, a low fluorescent signal
corresponding to QC activity was detected in A. maculatum saliva (Fig. 6A). Although
further testing of QC activity in I. scapularis saliva was desirable, the amount of saliva that
is necessary for enzymatic assays was prohibitive. However, salivary gland and midgut
extracts from both tick species showed QC enzymatic activity (Fig. 6B-E). The highest
enzymatic activity from tissue samples was observed in A. maculatum salivary gland
extracts and was approximately 10-fold higher than in A. maculatum midgut extracts or
saliva (Fig. 6A-C). It is somewhat surprising that relatively low enzymatic activity was
observed in saliva, given that tick QC sequences have an N-terminal secretion signal (Fig.
2), and might result from the inherent enzymatic instability, as this has been observed in
purifying QC from mammalian tissues (Busby et al., 1987). Alternatively, this could result
from partial proteolysis of QC given the time necessary for saliva collection.
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Recombinantly expressed QC from I. scapularis and A. maculatum (Fig. 7A-B) both
exhibited fluorescence increases that were proportional to the enzyme concentration, with a
correlation coefficient exceeding 0.995 in all enzymatic reactions. Control reactions in
which either QC or the accessory enzyme (PGAP) was absent or which contained heatdenatured recombinant enzyme showed no increases in fluorescence, indicating the enzyme
activity originated from the recombinant QC and did not result from some inorganic factor
in the enzyme solution.
3.5. RNA interference
Gene knockdown analysis was performed in order to further elucidate the functional
importance of QC in tick tissues. Salivary glands dissected from partially fed ticks injected
with 1000 ng of QC-dsRNA demonstrated greater than 99% decrease in gene transcript (Fig.
8A) while β-actin transcript levels remained the same in GFP-dsRNA and QC-dsRNA
injected tissues. There were no observable differences in tick attachment between control
and experimental groups. Unfed adult female I. scapularis ticks injected with QC-dsRNA
and then allowed to partially feed on the host had a significantly lower weight (27.3mg)
compared to control ticks which attained an average repletion weight of 71.9mg (Figs. 8BD). Unfed adult female A. maculatum ticks injected with QC-dsRNA and then partially-fed
on the host attained an average repletion weight of 72.3mg compared to control ticks which
attained an average repletion weight of 105.0mg (Figs. 8B-D). I. scapularis ticks injected
Insect Biochem Mol Biol. Author manuscript; available in PMC 2014 September 01.
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with QC-dsRNA laid very small egg masses of normal coloration, but no larvae hatched
(Figs. 8B and 9). A. maculatum ticks that were injected with QC-dsRNA laid very small egg
masses, dark brown in coloration, and no larvae hatched (Figs. 8B and 9). Moreover, tick
tissues injected with QC-dsRNA had significantly lower QC enzymatic activity than control
tissues (Fig. 10). These data indicate that QC is functionally essential for oviposition and/or
embryogenesis, resulting from impaired posttranslational processing of tick neuropeptides/
hormones.
3.6. Analysis of salivary constituents
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Finally, the salivary protein constituents of saliva were compared between A. maculatum
ticks injected with QC-dsRNA and mock-injected ticks (Fig. 11 and Supplementary Table
1). LC-MS-MS identification of peptides cross-referenced to a tick salivary protein library
identified 20 proteins in control samples and 24 proteins in QC knockdowns, with only a
predicted lipoprotein (Am-15345) and a WD40-domain protein (Am-31789) present in both
groups (Supplementary Data 1). In both groups, there are proteins with putative functions
involved in heme binding (Am-15345/Am-14816), histamine binding proteins (Am-20021/
Am-2752), nucleotide metabolism (Am-36803, Am-14339, Am-861, Am-5385,
Am-156987), chromosomal maintenance (Am-39687, Am-61479), cell motility (Am-71309,
Am-17465, Am-934), and many hypothetical proteins with unknown functions
(Supplementary Data 1). Surprisingly, we were unable to identify any small proteins
(<15kDa) present in the saliva of QC knockdowns, possibly resulting from higher protein
turnover (Fig. 11 and Supplementary Data 1). This would be consistent with the presence of
a chaperonin (Am-77283) and UDP-N-acetylglucosamine—peptide N-acetyl
glucosaminyltransferase (Am-103635), both of which are involved in protein folding/
turnover and are found only in the QC-knockdowns.

4. Discussion
It is somewhat surprising that an enzyme responsible for neuropeptide modification would
be found in salivary gland tissues. However, salivary glands are under neuronal control with
neurons and axonal projections innervating tick salivary glands and terminating in type II
and III acini, suggesting that neuropeptides exhibit strong regulatory control over salivary
gland activity (Balashov et al., 1983; Coons and Alberti, 1999; Simo et al., 2009a; Simo et
al., 2012). Moreover, one recent report showed that myoinhibitory peptide and SIFamide are
produced by central neurons and delivered via axonal projections to tick salivary ducts and
acini, which could be detected in both synganglia and salivary gland extracts (Simo et al.,
2009b).
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In the present study, we have examined the functional significance of QC, a known
neuropeptide/hormone processing enzyme, the first report characterizing QC in bloodfeeding arthropods. Multiple sequence alignment (Fig. 2) confirms that residues involved in
zinc binding, intermediate stabilization, and disulfide bonding is well conserved across
diverse phyla from H. sapiens to tick QC sequences. Phylogenetic analysis shows that tick
QC sequences are most similar to mosquitoes and other insects and have diverged from
vertebrates (Fig. 3). Unlike the QC from Drosophila, tick QC does not appear to be present
as multiple isozymes since there was only one identified QC sequence present in the I.
scapularis genome (Hill and Wikel, 2005; Schilling et al., 2007).
QRT-PCR data analysis shows dynamic transcriptional expression of QC throughout the
bloodmeal (Fig. 4). If protein abundance mirrors the observed transcriptional profile during
feeding, then QC is most abundant in salivary glands during the tick’s slow-feeding period,
peaking within 48 hours of attachment (Fig. 4). In contrast, QC expression may be
stimulated during the tick’s fast-feeding phase in A. maculatum midgut tissues (Fig. 4A),
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though this was not observed in I. scapularis midguts. Since the bulk of whole blood is
digested in the tick’s fast-feeding phase and the expression of QC in midguts is coordinately
stimulated, it is possible that neuropeptide processing by QC may be involved in stimulating
gut contractions and releasing proteolytic enzymes by targeting cyclization of
periviscerokinin, sulfakinin and/or corazonin (Bissinger et al., 2011; Donohue et al., 2010;
Nassel, 2002; Neupert et al., 2005; Neupert et al., 2009; Predel et al., 2008; Simo et al.,
2009b; Veenstra, 2009; Wegener et al., 2002; Wegener et al., 2001).

NIH-PA Author Manuscript

Surprisingly, a prominent effect on engorged tick weight was observed with I. scapularis
(Fig. 8B), despite the fact that the transcriptional expression of QC in I. scapularis was at the
lowest levels during the late-feeding stage (Fig. 4B). The observed lack of difference in
engorged tick weight in A. maculatum tissues could have resulted from the so-called
“dilution effect” that occurs with injected dsRNA during the late stages of feeding (Karim
and Adamson, 2012). Alternatively, this suggests that pGlu-modified neuropeptides, which
are possibly involved in bloodmeal digestion, do not significantly impact tick engorgement.
It is noteworthy that the specific activity of QC in salivary gland extracts was approximately
four-fold higher than in midgut extracts, though this was not observed in I. scapularis (Fig.
6). Given the observed differences in QC transcriptional expression between salivary glands
and midguts over the bloodmeal (Fig. 4), and the observed differences in specific activity
between salivary and midgut extracts (Fig. 6), it seems likely that pGlu-modification is
spatially and temporally linked to QC activity.
Tryptic digests of recombinant QC predict the peptides as originating from A. maculatum
QC (Fig. 5). Moreover, enzymatic activity is observed with tick saliva, salivary and midgut
extracts, and recombinantly expressed QC (Fig. 6-7), strongly arguing this protein is
catalytically active in vivo.
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QC knockdown may have influenced neuropeptide metabolism in three different manners.
First, QC knockdown may have resulted in tick neuropeptides with shortened half-lives. It
has previously been shown that pyroglutamated GnRH and MCP-2 have a longer serum
half-life than their uncapped counterparts, in part to their enhanced resistance to proteases,
and this is believed to be a general phenomenon (Morty et al., 2006; Van Coillie et al., 1998;
Wang et al., 2009). This may explain why no peptides (<15 kDa) were identified in saliva
collected from ticks injected with QC-dsRNA (Fig. 11, Supplementary Table 1). Second,
some neuropeptides, such as GnRH and MCP, require the pyroglutamyl residue to correctly
bind to their receptor. Finally, QC knockdown may result in an improper balance of
blocked/unblocked neuropeptides. A PVK homolog in A. aegypti (CAPA-PVK-2) was
shown to have a blocked/unblocked ratio of 5:1 in abdominal ganglia but 1:4 in the brain.
Similarly, the ratio of blocked to unblocked allatostatin-C was 3:1 in the abdominal and
thoracic ganglia and 1:2 in the brain and dorso-caudal neuropil of the terminal ganglia
(Predel et al., 2010). Indeed, since QC is catalytically promiscuous and there are multiple
physiological targets, these mechanisms are likely not mutually exclusive and may operate
cooperatively depending on tick physiology. Certainly, the challenge in this study is to
associate the observed reduction of fecundity in QC knockdowns (Figs. 8-9) with the impact
on neuropeptide processing.
Not surprisingly, insect neuropeptides have been extensively characterized in other model
systems, and have predicted several neuropeptides that contain an N-terminal pGlu, but most
identification of tick neuropeptides is based on in silico searches (Audsley and Weaver,
2009; Nassel, 2002; Neupert and Predel, 2005; Neupert et al., 2009; Predel et al., 2010;
Predel et al., 2008). With regard to tick pGlu-neuropeptides, a recent MALDI-TOF study
analyzing tick synganglia detected corazonin and periviscerokinin (PVK) with the
corresponding N-terminus in the cyclized form (Neupert et al., 2005; Neupert et al., 2009).
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Though the peptide sequence of sulfakinin was not determined to be blocked with pGlu, it is
likely cyclized in vivo given the presence of an N-terminal Gln. Furthermore, both in silico
reports and mass spectroscopy confirm the presence of pGlu neuropeptides in tick
synganglia, including corazonin, sulfakinin, and periviscerokinin (Christie, 2008; Donohue
et al., 2010).
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Sulfakinin bears structural homology to the vertebrate gastrin/cholecystokinin peptide
family that signals satiety and appears to regulate food seeking and feeding (Nassel, 2002).
In the German cockroach (Blattella germanica), sulfakinin increased the frequency of
contractions of both foregut and hindgut (Maestro et al., 2001). It was discovered to inhibit
food uptake in locusts, crickets, cockroaches and flies and stimulate the release of digestive
enzymes into the gut (Audsley and Weaver, 2009; Kastin, 2006). PVKs have been studied
most extensively in cockroaches, where it appears that they stimulate contractions in the
foregut and hyperneural muscle (Nassel, 2002; Wegener et al., 2001). PVKs also seem to be
involved in the regulation of water balance, which is significant since osmotic balance is
maintained by the salivary glands in ticks, instead of Malphigian tubules in other insects
(Kemp et al., 1982; Neupert and Predel, 2005; Neupert et al., 2005; Wegener et al., 2002).
Corazonin shares some sequence identity with the adipokinetic hormone (AKH) family, and
especially the hypertrehalosaemic hormone and binds to a receptor belonging to the GnRH
receptor family (Cazzamali et al., 2002; Nassel, 2002; Park et al., 2002). A wide range of
behaviors are attributed to corazonin, but they can be unified by considering them part of a
stress response pathway (Bissinger et al., 2011; Veenstra, 2009). Moreover, the similarities
between mammalian GnRH and corazonin suggest that corazonin may be modulated by
other stress hormones, impacting behavioral and physiological responses to stress.
Conclusions
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In this work, we have provided evidence that QC is enzymatically active in two tick species
and is likely involved in the posttranslational modification of neuropeptides. Bloodmeal
feeding induced QC gene expression, suggesting an important role in the posttranslational
modification of key neuropeptides in both tick species. Disruption of QC in tick via RNA
interference, resulted in impaired oviposition and larvae were inviable. QC is a catalytically
promiscuous enzyme and it is difficult to assign the observed phenotype to higher turnover
or impaired binding of any one particular pGlu neuropeptide, and it is possible there are
other as yet unidentified tick pGlu-modified proteins that may also have been influenced by
QC knockdown. The posttranslational formation of pyroglutamyl residues on tick
neuropeptides is poorly understood in relation to how they regulate blood feeding,
embryogenesis, and oviposition, including why arthropods concurrently possess multiple
copies that stimulate (e.g. proctolin, allatotropin, sulfakinins and tachykinins) and inhibit
(myosuppressins, myoinhibitory peptides, and allatostatins) gut peristaltic movement and
oviposition (Audsley and Weaver, 2009). It seems reasonable to speculate that the reduction
in fecundity may have resulted from impaired feeding, at least in I. scapularis, since
sulfakinin and PVK stimulate gastric contractions and release proteolytic enzymes, which
may have led to nutrient levels that did not support the synthesis of yolk proteins
(Boldbaatar et al., 2010; Hatta et al., 2007). It is also possible that the function of corazonin
may have been impaired, resulting in an inability to maintain homeostasis needed during
feeding, which is the nadir of osmotic and oxidative stress in the tick lifecycle (Citelli et al.,
2007; Graca-Souza et al., 2006). The impact of QC knockdown on these three neuropeptides
or others may have had a synergistic effect on feeding and fecundity. We have proposed a
putative model (Fig. 12) for the interactions between pGlu-neuropeptides present in ticks
and the mechanisms by which they may influence feeding, nutrient availability, oviposition,
and stress responses.
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•

Two tick QC sequences had all the conserved residues involved in catalysis and
intermediate stabilization.

•

QC gene expression kinetics suggest a functional link between QC activity and
blood meal uptake.

•

QC enzymatic activity was detected in tick extracts, saliva, and by recombinant
tick QC.

•

Ticks injected with QC-dsRNA laid small, inviable egg masses, suggesting QC
is critical for embryogenesis.

•

These data suggest a functionally significant role for the pyroglutamation of
corazonin, sulfakinin, and periviscerokinin.
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Figure 1.
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Schematic representation of the conversion of L-glutaminylpeptide into 5-oxoprolylpeptide
(pyroglutamyl-peptide) as catalyzed by glutaminyl cyclase (QC).
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Figure 2.

Alignment of related QC sequences. QC amino acid sequences from two tick species (A.
maculatum and I. scapularis) were aligned with homologous genes. Residue shading is
indicative of conserved residues. Red highlighted residues indicate zinc-binding, while
green highlighted residues are involved in intermediate stabilization.
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Figure 3.
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The evolutionary history was inferred using the Maximum Parsimony method. Tree #1 out
of 10 most parsimonious trees (length = 1132) is shown. The consistency index is
(0.833181), the retention index is (0.812500), and the composite index is 0.681151
(0.676960) for all sites and parsimony-informative sites (in parentheses). The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000
replicates) is shown next to the branches. The MP tree was obtained using the CloseNeighbor-Interchange algorithm with search level 1 in which the initial trees were obtained
with the random addition of sequences (10 replicates) (Nei and Kumar, 2000). The tree is
drawn to scale, with branch lengths calculated using the average pathway method and are in
the units of the number of changes over the whole sequence (Nei and Kumar, 2000). The
analysis involved 23 amino acid sequences. All positions containing gaps and missing data
were eliminated. There were a total of 196 positions in the final dataset. Evolutionary
analyses were conducted in MEGA5 (Tamura et al., 2011).
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Figure 4.
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Transcriptional gene expression of Glutaminyl Cyclase in the midgut and salivary glands
during the blood-feeding on the host, A) adult female Amblyomma maculatum and B)
Ixodes scapularis. It shows the difference in accumulation of transcripts for the tick QC both
in the salivary glands and in the midgut tissues as feeding continues and when compared
with the corresponding transcript abundance in tissues from unfed ticks.
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Figure 5.

Peptides identified by LC-MS-MS are underlined and represent 16% coverage.
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Figure 6.

QC enzymatic activity in A. maculatum saliva (A), A. maculatum SG extract (B), A.
maculatum MG extract (C), I. scapularis SG extract (D) and I. scapularis MG extract (E) .
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Figure 7.

Enzyme activity of recombinantly expressed QC from I. scapularis (A) and A. maculatum
(B).
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Figure 8.

A) Quantitative RT-PCR shows that the transcript of QC was efficiently diminished to more
than 98% (p<0.05) in both I. scapularis and A. maculatum. B) The mean partially engorged
(Day 8) tick weights injected with QC-dsRNA in I. scapularis and A. maculatum. C)
dsRNA-injected A. maculatum. D) dsRNA-injected I. scapularis.
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Figure 9.

Oviposition of ticks injected with QC-dsRNA or GFP-dsRNA.
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Figure 10.

QC activity in tick tissues injected with GFP-dsRNA or QC-dsRNA.
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Figure 11.
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Tick saliva collected from either mock-injected control ticks (A) or injected with QCdsRNA (B) was run on a 4-20% SDS-PAGE and stained with Coomassie Blue. Strongly
stained bands were excised (indicated by numbers) for protein identification using LC-MSMS. Please refer to Supplementary Table 1 for proteins identified in gel slices.
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Figure 12.

Proposed Model for QC Processing Tick Neuropeptides. In this proposed model, QC
catalyzes the formation of pyroglutamyl from the N-terminal Gln residue of three tick
neuropeptides (sulfakinin, periviscerokinin, and corazonin). These tick neuropeptides affect
tick physiology by stimulating gut contractions, releasing proteolytic enzymes, regulating
osmotic balance, or as part of a general stress response.
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